Abstract Accurate treatment planning is necessary for the successful application of hyperthermia in the clinic. The validity of four different bioheat models or combinations of models is evaluated: the conventional bioheat transfer equation, the limited effective conductivity model, a mixed heat sink-effective conductivity model and a disaete vessel model. The heat balance for the heated volume, and especially the ratio between conductive heat removal and heat escape through the veins, is different for each of these models. Model predictions were compared with results from experiments on isolated perfused bovine tongues. Tongues were suspended in a water-filled container and heated by conduction. The steady state temperature distribution and heat balance were determined at various blood flow rates. Increased blood flow was found to lower the mean tissue temperamre and to enhance both conductive and venous heat removal. This result agrees only with the mixed heat sh!+effective conductivity and the discrete vessel model predictions. At low Bow rates a modified heat sink term should be used b u s e the venous efRux temperame was significantly lower than the mean tissue temperature.
Introduction
Hyperthermia is the induction of high temperatures (> 41°C) in tumour tissue, and is used as an adjuvant modality in combination with irradiation or chemotherapy. As clinical experience with hyperthermia is accumulating the need for reliable treatment planning is felt. Hyperthermia treatment planning requires two basic steps: first the energy absorption dishibution in the tumour and normal tissue is computed, then the resulting temperature distribution. A major problem for this final step is how to model heat transport due to blood flow, which is the dominant mode of heat removal and an important cause of temperature inhomogeneity Gagendijk 1982 , 1990a , Roemer 1988 , 1990 . Different bioheat models have been proposed for implementation into treatment planning systems (Clegg et QZ 1985, Mooibroek and , but their validity and accuracy needs to be verified before they can be applied in the clinic. The objective of this paper is a model test, evaluating temperature and beat transport predictions by four bioheat models: the conventional bioheat transfer equation, the limited kefi model, a mixed model and a discrete vessel model, and comparing these with results obtained in isolated perfused bovine tongues, representing normal tissue. We are especially interested in the balance between two heat removal mechanisms, conduction and heat loss through the large veins, as will be discussed in section 2.
Heat sink model
Pennes (1948) introduced the conventional bioheat transfer equation, with a heat sink term describing convection. Consider a small tissue volume element; Pennes assumed that arterial blood enters the capillaries in this element with an arterial temperature T& and equilibrates thermally instantaneously with the surrounding tissue; the blood leaving through the veins is therefore at the local tissue temperame T. In a homogeneous medium the local heat gain is prct dT/dt = ktAT -WbCb(T -Tm) + P + M (W m-3) (1)
where pr is the density (kg m-3), ct the specific heat (J kg-'"C-*) and kt the thermal conductivity of tissue (W m-I "C). The second term on the right is the heat sink term, with Wb the volumetric perfusion rate (kg m-3 s-') and Cb the specific heat of blood. P and M are the volumetric heat production (W m-3) by external heating and metabolism, respectively. The local arterial temperature T. , is usually taken as equal to the body core temperature, which is justified if no heat exchange takes place between the arterial blood and the surrounding tissue before the capillaries are reached. Similarly no interaction is assumed between tissue and the venous network. In mathematical terms, a basic assumption of the Pennes model i s that the thermal equilibration length X,, or the distance it takes before the blood in a vessel reaches thermal equilibrium with the surrounding tissue, is infinite everywhere, except in the capillaries where X, = 0. Several authors evaluated X, for vessels of the circulation and concluded that thermal equilibration between arterial blood and surrounding tissue takes place before the capillaries are reached, somewhere between the secondary branches (diameter 500 pm) and the terminal arteries (50 pm) (Chat0 1980, Chen and Holmes 1980) . Only the thermal equilibration of larger vessels can be described with a heat sink term, for heat transfer by smaller vessels a different model is necessary. Also note that most of the arteries form a closely spaced pair with their venous counterpart, allowing efficient counter current heat exchange with the venous blood that left the capillaries at the tissue temperature. This mechanism will further reduce the equilibration length of the vessel (Weinbaum et al 1984). 
where kerf depends on vessel size, flow velocity and the vascular structure, and reduces to a scalar for isotropic flow. Blood flow can enhance kee significantly; simulations of tissue'blocks containing an array of parallel vessels (diameter 500 pm) yielded a 5-10-fold increase of kerr (Lagendijk and Mooibroek 1986 ).
Mixed heat sink-keg model
The limited ke* model applies to vessels with a diameter smaller than circa 500 pm; for the influence of the presence of large, thermally unequilibrated vessels a modified heat sink description is valid according to Baish er a1 (1986% b) and Charny et a1 (1989, 1990), assuming the spatial distribution of these larger vessels is approximately uniform. The advantage of a combined heat sink-& thermal model is that it can be used in situations where information about the actual vascular anatomy is not available (Lagendijk 1990b) :
with f a modification factor of the heat sink term depending on the local vessel network.
It can be shown that for a closed vessel system 0 < f < 1 (section 2.4).
Discrete large-vessel model
The mixed heat sin!&# model is composed of two continuum models, which may be satisfactory when studying the goss temperature rise for hyperthermia treatment planning; however, it is necessary to predict the local temperature non-uniformities. This is only possible if heat transport by every individual large vessel is taken into account separately, because largevessel blood Row is the main cause for local temperature inhomogeneity during treatment; vessels with diameters larger than 500 &m produce cold tracts through the heated volume due to their long thermal equilibration lengths X, (Lagendijk 1982) .
In the discrete vessel model proposed by Lagendijk (1987, 199Oa ) small vessels are still described with a kee, but large vessels are modelled discretely using a separate vessel space. The heat flux 0" through the wall of a vessel with radius a (m) to the surrounding tissue is
where is the wall temperature and (T) the 'mixing cup' temperature of the vessel:
with T(r) and u(r) the radial temperature and flow velocity profile, respectively. The dimensionless Nusselt number Nu is a heat transfer coefficient dependent on flow properties and the radial temperature profile in the vessel. For thermally developed, laminar flow Nu N 4. A numerical implementation of this discrete vessel model for arbitrary vessel shctures is described by Mooibroek and Lagendijk (1991) . To summarize: (i) the conventional bioheat equation models heat transfer with a heat sink term, (ii) the limited kerf model, with an enhanced effective tissue conductivity k~, (iii) the mixed model combines a keff and a heat sink for small and large vessels, respectively, and (iv) the discrete vessel model combines a ken for small vessels and a discrete description of large vessels.
Heat balance
Consider a vascularized volume V, heated by means of a power deposition Q (in watts). Two different mechanisms are responsible for removing heat from V (figure 1). The first is the conductive heat removal Q,,, over the border A of the volume, which in kefi models is partly of convective origin. The second is connected to the venous outtlow from the volume, and is called venous heat escape QwB. Heat loss through the aaerial network is impossible in a closed vessel system, in which all branches of the main arteries and veins entering V are contained within V. In the steady state the total heat flow Q = Qm,, + Que,,.
In sections 2.1-2.4 an inventory is made of the dominant heat removal mechanism in each of the four models. 
Heat-sink model
Equation (1) yields the steady state power balance far a small tissue element
assuming M = 0. The power density P required to raise the tissue to the desired temperature T is equal to the sum of the local conductive and venous heat removals Pm and Pven, respectively. At high perfusion rates Wb the conductive heat removal Pcon is negligible compared to P, , , and P will increase linearly with wb. We now introduce the relative fraction Esc of heat escaping through the veins and the ratio Ra between heat escape and conduction:
For high blood flaw rates the heat sink becomes the dominant mode of heat removal with Esc=l and Ra ;-> 1. The heat flows for the entire volume V become 
Limited kef model
The absorbed power is removed from a tissue element by conduction only:
(9) We will assume k&(ll)b) = kt(l + 0 1 w b ) with 01 (kg-' m3 s) a constant depending on vessel size and density (Crezee and Lagendijk 1990) . Another relation given in the literature is keff.z(Wb) = kt(l + (YZW:) (Weinbaum and Jiji 1985, Baish et a1 1986a); P(wb) is an increasing function in both cases. Since Qvm = 0 both EscV and RaV are zero.
Mixed model
For this model the local power balance is
where both P,,, and Pven rise with increasing blood flow. The behaviour of Esc and Ra depends shongly on keff(wb): consider for instance Ra:
For the linearly increasing keff(Wb) neither P , , nor P,,, will dominate, but for keff,Z(Wb)Pcon dominates at high flow rates, and Ra approaches zero. The power balance for V is similar to that of the Pennes model, with keff instead of kr and Q, ,
Discrete vessel model
The heat balance for the discrete vessel model is discussed for a closed vessel structure (figure 1). The capillary blood collected into the veins is initially at the local tissue temperature: under the Peunes model the total venous efflux qve,,o = wbV/.& (pb is the density of blood in kg m-3) leaving V would therefore have had a temperature T,.o = Tv; here we expect that part of the venous heat will be lost to the surrounding tissue and the incoming arteries, yielding TV 2 TVeno > Tam, the temperature of the incoming arterial blood. The steady state heat flow is
s by computing the thermal equilibration length Xq,ven of the vein, the length after which the blood temperature in the vessel has approached the tissue temperature within e-l:
X q , w APbCb(Oveo/xkb (m) (14) with kb the conductivity (WT-' m-') of blood and A a factor dependent on tissue characteristics: A Y 1.5, assuming the presence of the vessel thermally influences a tissue cylinder ten times larger than the vessel, and !f, = kb (Chato 1980 , Chen and Holmes 1980 , Weinbaum et ui 1984 , Baish et al 1986a . Consider the two extreme cases for the flow velocity; nearly zero or approaching infinity. In the first case no heat escapes through the veins since the blood temperature is in equilibrium with the local tissue temperature; in the second case all venous equilibration lengths become infinite, and TM.0 = TV as predicted by the heat sink model.
Experimental methods
Numerical predictions by the four models were compared with experimental results from isolated perfused bovine tongues at different blood How rates, for both the steady state heat balance and the temperature distribution. The tongues are heated by conduction across part of the outer surface of the tongue. The lingual vessel system is closed, and the diameters of the vessels range between approximately 0.01 and 4 mm, so an evaluation of both large-and small-vessel heat transfer is possible. Another advantage of tongues is their homogeneous composition of muscle tissue.
Experimental set-up
Five fresh tongues were used, the weight ranging between 450 and 1000 g. The tongue is suspended vertically with the tip pointing downwards and immersed in a water-filled container; only a small part of the tongue extends outside the container (figure 2). Both lingual arteries are connected to a perfusion circuit driven by a roller pump, perfusing the tongue with a saline solution at room temperature TO = T d . composed of 9 g NaCI, 25 g PVP~O, 0.25 g heparin-Na, 5 g procain and 1 g papaverin per litre . Arterial pressure was limited to 90 mm Hg, allowing a maximal perfusion of about 1.7 kg m-3 s-'. The perfusion rate wb = pbp-/V is obtained from the total arterial flow rate pd and the tongue volume V. A layer of unguent between tongue and the lid of the container seals the interior from the exterior. A strong How of air keeps the top surface at room temperature To; this is checked with several thermocouples. A layer of polyethylene protects the tissue against dehydration. The water inside the container is maintained at a constant and uniform temperature T I , usually 31 "C; the water is stirred and the energy loss through the tongue is compensated by a heating element. Heat is removed through the venous network and the top surface of the tongue. The entire container is immersed in a water bath at T = TI to ensure the heat flow over all other walls is negligible (< 0.1 W). The heat dissipation due to the stirring is < 0.1 W. By monitoring the energy dissipation in the element the total heat flow Q through the tongue can be determined.
A thermocouple probe is placed into each of the two lmgual veins in order to estimate the venous heat escape Qven = qven~p&(Tuen~ -T d ) , using the difference between the arterial and venous temperature. Each probe contains three thermocouples, spaced 1 cm apart, yielding a total of up to six measuring points, of which the average is taken. The main reason for using a multi-sensor probe is to detect and correct errors in the determination of TYE.0. Potential sources of error include branching of the lingual vein and radial temperature differences within the vessel. Errors due to heat exchange with the cool tissue just outside the container are negligible; application of equation (14) shows the thermal equilibration length of the lingual vein X,,v, >> 1 cm, even at moderate flow rates. No systematic differences were found along the tract, although occasionally one of the measuring points deviated significantly. The conductive heat flow is determined indirectly, Qcon = Q -Q , . The absolute heat flows Q are converted to normalized heat flows q = Q(C -TO)-'
The tongue is 8 cm wide and, inside the container, 12-15 cm long. Depending on the length of the tongue the steady state temperature distribution is mapped by five or six thermocouple strings (consisting of seven thermocouples spaced 1 cm apart, OD 0.3 mm), which are inserted into the tongue in an in vivo horizontal midplane. As a result the area of the plane ranges between 8 x 6 and 10 x 6 cm2. We will assume the mean temperature of this midplane T, N Tv.
Model simulations
Continuum model predictions were obtained through finite-difference simulations of a simplified tongue model, a 6 x 10 cm homogeneous cylinder divided into 36 x 36 cylindrical nodes, with kt = 0.6 W "C-' m-', ct = Cb = 4.103 J T -' kg-', pt = lo3 kg m-3 and uniform perfusion, modelled as a heat sink or as a %a, usually with ken = kdl + W b ) .
The temperature at the top surface is To, that at the other sides is TI ( figure 3(a) ). The temperature gradients over the top and over the other surfaces yield the conductive and total heat flow Qcon and Q , respectively. The global heat sink Qwn is the sum of the heat sinks of all volume elements. The discrete vessel model was as follows. Simple analytical discrete vessel models used in the literature are usually based on a single discrete counter current vessel pair projecting axially at the centre of a tissue cylinder, sometimes including a radial bleed-off from the vessel pair to the surrounding tissue, modelled as a local heat sink or source term (Mitchell and Myers 1968, Song et a1 1988) . We modelled the tongue more realistically, using a simplified representation of the average lingual vessel structure. The lingual artery (initial diameter 2-3 mm) projects horizontally in the lower half of each hemisphere of the tongue, gradually tapering. Vertical branches (diameter 0.5-1 mm) arise at intervals of about 1 cm, running counter current with slightly larger venous branches. The lingual artery and vein do not form a true counter current pair; the vein is located 0.5-1 cm below the artery, and usually the lingual vein is accompanied by other, smaller veins joining at the rear of the tongue into a single lingual vein with an estimated diameter of 3-5 mm (Bos et remaining vessels 1 nun. The ten branches are spaced 1 cm apart and each receives 10% of the initial arterial flow. The resulting gradual reduction of the flow rate in the lingual artery simulates the thermal behaviour of a tapering vessel quite adequately. Finally each branch was modelled to give rise to four branches, three projecting horizontally and one vertically. Each of these final segments receives 2.5% of the initial arterial flow. This is a simplification of the true situation, where the number of branches is higher, their diameter smaller and orientation more random, but attempting to model these more realistically would result in an unwieldy number of vessel segments.
We used the finite-difference time domain discrete vessel model described by Mooibroek and Lagendijk (1991) to compute the stationary temperature distribution in this phantom. To reduce the computation time a multi-timelevel scheme was used with an acceleration factor of 16, and only half the phantom; the temperature in the other half is a mirror image.
Results

Model simulations
The normalized temperature distribution in the midplane of the phantom is shown in figure 4 . Increasing perfusion causes a sharp decrease of tissue temperatures according to the heat sink model, and no change at all for the limited model. In the mixed model (f = 1) temperatures remain between these two predictions, because the increased venous heat removal or heat sink is now counteracted by an increased influx of heat due to the enhanced tissue conductivity. The discrete vessel model also predicts decreasing temperatures. The heat flow qcon, qven and q and the escape Escv and ratio Rav are plotted versus wb in figures 8 and 9, respectively. In each bioheat model the total heat flow q rises with increasing blood flow. As predicted in section 2 a marked difference between the limited effective conductivity and the heat sink model is qvea, the amount of heat escaping through the venous network the former predicts no heat escape at all; for the latter it accounts for nearly all heat removal at high perfusion levels; the reverse is true for the conductive heat removal qmn. Mixed and discrete vessel models predict something in between. These differences are best seen in the behaviour of Rav, which continues to increase under the heat sink model, approaches some asymptotic value for the mixed and the discrete vessel model, and remains zero for the limited $S model. At high flow rates the discrete vessel model simulations showed a small difference between the arterial and venous temperature when the smallest vessel ends, effectively resulting in a small local heat flow into the tongue. These small contributions were added to the total heat flow into the tongue to keep the heat balance correct. 
Experimental results
The two examples of a typical temperature distribution in figure 10 show a significantly lower temperature at high blood flow. Note the presence of a large vessel in figure lo@) . Most experiments show a marked decline in mean midplane temperature T,, at higher blood flow levels, combined with a more or less constant-low venoos-eXkilx tempera&-8 Tve,6-( figure 7) . In general the axial temperature profile shows a continuous rise in temperature and no plateau phase ( figure 5(c) ), the radial profiles frequently show a steep temperature gradient near the epithelial layer ( figure 6(c) ).
The total heat flow q increases approximately linearly from 0.2 W "C-' for zero blood flow to about 1.5 W"C-' for wb = 1 kg m-' s-', with significant contributions of 4%" and qco,,. For both a linear rise seems to be the rule, although large differences are seen in 
qEan (figure 8).
At a blood flow of 1 kg m-3 s-' the venous heat escape Escv accounts for about 60% of the total heat removal, equivalent to Rav = 1.5 (figure 9).
Discussion
The heatjlow
The significant heat escape q-found in the experiments was predicted by all models, except for the limited b model (figure 8). We saw in section 4.1 that Rav, the balance between venous and conductive heat removal, provides a means to distinguish between the three remaining models, but especially at blood flow rates wb > 2 kg m-3 s-', although even at the lower blood flow rates achieved in the present experiments the data tend to remain below the curve predicted by the heat sink model. _.-.
The temperature distribution
The mean midplane temperature T, is seen to decrease strongly with increasing blood flow wb, in agreement with all models except for the limited kef model. Tissue blood flow did not exceed 1.5 kg m-3 s-'; it was not possible to determine whether T , keeps decreasing for a further increase of blood flow as predicted by the beat sink model, or reaches some constant level as predicted by the mixed and the discrete vessel models. The experimental temperature distributions in figure 10 do not correlate too well with the continuum model predictions in figure 4 . This is probably due to the fact that conductivity was assumed to be uniform. A layered model that includes a separate, perfusion independent low-conductivity skin layer appears more appropriate because the low-temperature area extends further down from the top than predicted at zero blood flow. When we compare the two discrete vessel model simulations the layered model yields better agreement with the experimental data, both for the mean temperature and the radial temperature profile (figure 5). The steep temperature gradients often found near the epithelial layer suggest the layer does act as an isolator, and contributes to the rapid decline of temperature at high blood flow levels. When tongue blood flow increases, ken will increase and the heat resistance of the interior will decrease, resulting in a reduction of T,. Thus even the limited kea model could be valid; however, the fact that in the experiments the temperature drop coincides with a considerable heat loss through the veins shows that much of the temperature reduction must be attributed to large vessel heat transfer.
Large vessels: discrete vessels versus heat sink
Both the mixed heat sink-k,fi and the discrete vessel model seem valid here. The assumption of a uniformly distributed presence of large vessels is reasonably justified in the present experiments where the entire tongue is heated, explaining the success of the mixed model. Experiments in which only small volumes were heated demonstrated that the heat sink, like heat removal, is only present if large vessels, diameter > 0.7 mm, are present within the heated volume. A discrete description was naessary if much detail was required in the temperature prediction, for instance for clinical treatment planning (Crezee et a1 1991) . This need is confirmed by the occurrence of the clear 'signature' of the lingual artery in figure IO@) .
Note that the venous efflux temperature TWDo is much lower than the mean tissue temperature T,, at low flow rates in figure 7 . This means the heat sink term used in the mixed heat sink-kes model must be modified using the modification factor f. As discussed in section 2.4 we can derive from equations (12) and (13) Evaluation of counter current exchange in the discrete vessel model by analysing X, is difficult since vessels are divided into many short segments. Instead we regard the average normalized temperature difference between artery and vein at the end of the final vessel segment, which increases from 0.036 for wb = 1 kg m-3 s-l to 0.092 for wb = 4 kg m-3 s-' ; a rise reflecting a decreasing efficacy of the counter current heat exchange, and an increase of X,.
If desired further generations of branches can be included until total thermal equilibrium with the tissue is reached, but this would require a higher resolution.
Srnnll vessels: the effective tissue conductivity kef
In previous experiments in isolated bovine tongue kff was determined in a small heated volume containing vessels of 0.7 mm diameter and smaller; these produced a kea twice the intrinsic conductivity kl for a blood flow of 1.7 kg m-3 s-l (Crezee et a1 1991) . Here we may expect similar or higher values: a larger volume is being heated, containing larger vessels which may give an additional contribution to k,e. Since Q , is proportional to keff the rise of QCon due to increasing blood flow could be used to estimate keelkt if the temperature distribution did not change. This condition holds in the limited k& model, but not in the other models (figures 7(a) and 8(a) ). Experimentally QCon sometimes hardly increased; sometimes the increase exceeded the earlier small-volume results for k& ( figure S(b) ). However, since TV also decreased with rising blood flow (figure 7 ) the rise of Qm. provides only a lower limit for the increase of kee. Regarding the correctness of the expression for kcff(wb), if present the rise is linear, and there is no evidence for a reversal of the downward and upwards trends in the temperamre and heat escape as predicted by the 'quadratic' mixed model (figures 7 and 9, curve c), so a quadratic dependence of kefi on blood flow seems less likely. The quadratic relation k~,~( w b ) was derived for a single generation of equal sized vessels in a non-perfused medium, and cannot be applied directly to arealistic vessel network as blood flow increases Xes increases too, shifting the transition between unequilibrated and equilibrated to a smaller generation of vessels, thus reducing the number and mean diameter of vessels contributing to k s . This mechanism will counteract the direct effect of increasing blood flow on ke*.
Conclusions
A comparison was made between predictions by a number of bioheat models and measurements in isolated bovine tongue. Both the temperature distribution in and the mechanisms of heat removal from the tongue were evaluated. Both conduction and venous heat escape were found to be important heat removal mechanisms, as predicted by mixed models for convective heat transfer. These consist of an enhanced effective tissue conductivity keff for smaller vessels, and either a discrete description or a modified heat sink term for larger vessels.
